Abstract-Accumulation and effects of polychlorinated biphenyls (PCBs) in avian species were evaluated at a Superfund site located at Crab Orchard National Wildlife Refuge (IL, USA). European starlings (Sturnus vulgaris) were monitored at nest boxes constructed at each of two study and two reference sites. During the breeding season, starling productivity and adult provisioning behavior were monitored. At 15 d after hatch, chicks and adults were collected for contaminant and biomarker analyses. Chicks and adults were necropsied, ethoxyresorufin-O-deethylase (EROD) activity was measured in liver tissue, and polychlorinated biphenyl (PCB; Aroclor 1254) and 34 chlorinated biphenyl (CB) congener concentrations were measured in carcasses. Polychlorinated biphenyl and CB concentrations also were measured in eggs that failed to hatch. Mean Aroclor 1254 and quantified CB concentrations were greater (p Ͻ 0.001) in eggs that failed to hatch, 15-d-old chicks, and adults collected from PCB-contaminated sites (hereafter PCB sites) compared to those collected from reference sites. The EROD activity was greater (p ϭ 0.005) in 15-d-old chicks, but not adults (p ϭ 0.972), collected from PCB sites compared to those collected from reference sites. No differences were found among study and reference sites in number of eggs laid or percent of eggs hatched; however, reduced nest provisioning behavior and decreased chick survival were observed at PCB sites. Polychlorinated biphenyl concentrations measured in samples collected from the PCB sites are similar to concentrations previously associated with adverse effects in avian species. Other avian species utilizing these sites also may be exposed to PCBs with associated adverse effects. This study demonstrates that starling nestlings are good biological monitors of local contamination and continued monitoring may provide useful data for evaluating the effectiveness of proposed remediation.
INTRODUCTION
Crab Orchard National Wildlife Refuge (CONWR) was established in 1947 [1] . The 17,250-ha refuge is unique in that it is the only refuge in the U.S. National Wildlife Refuge System managed for industry as well as wildlife. During World War II, before designation as a National Wildlife Refuge, a large ammunition plant operated on this land. After World War II, this land was transferred from the War Department to the Department of Interior and CONWR was established. During this time, new companies that produced automobile parts, fiberglass boats, corrugated boxes, plated metal parts, tape, flares, and jet engines moved onto the refuge; however, munitions continued to be the primary industry. Electrical capacitors and transformers containing polychlorinated biphenyls (PCBs) also were produced on the refuge until the early 1960s. Many of these companies used landfills and dumps for disposal of industrial waste [2] .
Routine environmental monitoring conducted during the 1970s and early 1980s discovered elevated contaminant concentrations in fish and wildlife on the refuge. Hite and King [3] reported elevated concentrations of mercury in fish from Crab Orchard Lake and livers from hunter-harvested whitetailed deer (Odocoileus virginianus) killed on the refuge had significantly greater concentrations of nickel and lead compared to deer collected off the refuge [4] . These findings prompted investigations into the source of contaminants on * To whom correspondence may be addressed (rhalbroo@siu.edu).
the refuge and a 1988 remedial investigation recommended several sites within CONWR for remediation [2] . Two of these sites, the Area 9 landfill and Area 9 building complex, were contaminated with PCBs that potentially posed risks to wildlife. McKee [5] reported significantly greater concentrations of PCBs (Aroclor 1254, Monsanto, St. Louis, MO, USA) in European starlings (Sturnus vulgaris) collected at the Area 9 landfill compared to those collected from a reference area. He also noted behavioral effects such as nest abandonment, but definitive conclusions could not be drawn because of small sample size.
Possible influences of contaminants on wildlife include direct poisoning and death; reduced resistance to environmental stresses such as disease, weather, and predation; behavioral changes such as abandonment of young, change in parental care, or reduction in food consumption; reduced food resources and habitat; and lowered productivity [6] . Wildlife exposure can be assessed by measuring contaminant concentrations in tissues, or by measuring specific biomarkers that indicate exposure; and biological effects can be quantified by measuring survival, growth, productivity, or specific biomarkers of effect [7] . Because ethoxyresorufin-O-deethylase (EROD) activity is stimulated by exposure to compounds such as PCBs, dibenzofurans, and dibenzodioxins, measurement of this liver enzyme has been used as a biomarker of exposure to organochlorine contaminants in the environment [8] [9] [10] [11] .
In general, PCBs have a high avian oral lethal toxicity, with median lethal dose values of 604, 1,091, and 2,699 ppm in Fig. 1 . Location of study sites at Crab Orchard National Wildlife Refuge (CONWR), Marion, IL, USA. 1 ϭ Area 9 landfill polychlorinated biphenyl (PCB)-contaminated site; 2 ϭ Area 9 building complex PCB-contaminated site; 3 ϭ Area P reference site. Wildlife Annex reference site located in Carbondale (IL, USA), 16 km west of CONWR not shown.
• ϭ study site.
bobwhite quail (Colinus virginianus), pheasants (Phasianus colchicus), and mallards (Anas platyrhyncos), respectively [12, 13] . Polychlorinated biphenyls are a mixture of chlorinated biphenyl congeners (CBs) that differ in the amount of chlorine attached to the biphenyl molecule. Polychlorinated biphenyl toxicity has been related to the position of the chlorine on the biphenyl molecule, with CBs having no or only one chlorine in the ortho positions being the most acutely toxic [14, 15] . Little direct mortality has been associated with PCBs, but decreased reproductive success from PCB exposure has been demonstrated in avian species. Peakall and Peakall [16] reported reproductive failure in ring doves (Streptopelia risoria) dosed with Aroclor 1254 at 10 ppm, and numerous field investigations have associated reduced reproductive success in birds with environmental PCB concentrations [5, [17] [18] [19] . However, the impact of PCBs on reproduction among wild avian species is not well understood [20] .
Because CONWR is home to a variety of avian species, it is important that potential contaminant effects to avian species are studied. The goal of this project was to provide preremediation baseline exposure and effects data on an avian model, the starling, and to provide a benchmark for assessing the effectiveness of remediation. The starling is a common exotic species possessing characteristics that make it highly suitable for ecological monitoring and modeling of effects in insectivorous passerine species. Starlings readily adapt to and feed near nest boxes placed in suitable habitats, tolerate handling, and do not require federal permits for use in environmental studies [21] . Because starlings feed primarily on invertebrates from the upper few centimeters of the soil during the nesting season [22] , bioaccumulation studies of contaminants entering the food web via the soil are possible. The objectives of our study were to measure PCB exposure; to determine physiological, reproductive, and biomarker effects; and to monitor provisioning and abandonment behavior in starlings at PCBcontaminated sites (hereafter PCB sites) on CONWR identified as posing moderate to high risk to wildlife.
MATERIALS AND METHODS

Study area
In 1984, several landfill sites at CONWR were recommended for addition to the National Priorities List under the Comprehensive Environmental Recovery, Compensation, and Liabilities Act [23] . Two of these sites, the Area 9 landfill and Area 9 building complex, were chosen for investigation, along with two reference sites. One reference site was located on CONWR (Area P) and one was located off CONWR (Annex) (Fig. 1) .
The Area 9 landfill was used from the 1950s to 1964 for the disposal of wastes from capacitor manufacturing [2] . The landfill covered 1 ha and was 2 to 3 m deep in the middle and 2 to 4 m deep at the edges, and contained approximately 9,300 to 20,400 m 3 of waste. The area was covered with thick herbaceous vegetation except for bare patches where waste materials were exposed. Runoff through intermittent ditches flowed into the eastern region of Crab Orchard Lake, approximately 80 m from the landfill [2] . Polychlorinated biphenyl concentrations in surface soil samples were greatest in the north and west sectors of the landfill and ranged from 2,100 to 13,000 mg/kg (wet wt) with a mean concentration of 3,200 mg/kg [2] . The Area 9 building complex lies 84 m west of the Area 9 landfill, and consists of several buildings and adjacent land. It was used from 1946 to 1962 for the manufacturing of capacitors and consisted of 5.3 ha. Surface soil Aroclor 1254 concentrations at this site were Ͼ50 mg/kg (wet wt) at most locations, and ranged up to 120,000 mg/kg [2] .
The Area P reference site is located approximately 5 km west of the contaminated sites and is of similar topography. 
Nest productivity
During 1995, 12 nest boxes, each, were constructed at the Area 9 landfill and Area 9 building complex and at the Area P and Annex reference sites. During the 1996 field season, 12 additional boxes were added to the Annex reference site, 10 additional boxes were added to the Area 9 building complex, and all boxes were removed from the Area 9 landfill because of remedial activities at that site.
Reproductive parameters assessed included the number of nests constructed, number of eggs laid per nest, number of eggs that hatched per nest, and number of chicks that survived 15 d after hatch per nest. Nest boxes were checked three times per week until egg-laying began, every other day until egghatching began, daily until hatching was completed, and then three times per week until chicks and adults were collected. Chick weights also were measured in the field with a batteryoperated analytical scale at days 3, 9, and 15 after hatch. These data were collected between 1030 and 1530 h, to minimize the probability of nest abandonment [21, 22, 24, 25] .
Chicks were collected from nests when the average nestling age for the clutch was 15 d after hatch. Attempts to capture one or both of the adults were made before collection of chicks. Adults were captured using a pull-down flap to cover the nest hole and a net, and chicks were collected by hand. Live chicks and adults were transported to the Wildlife Annex where they were euthanized by asphyxiation with CO 2 and necropsied. Three hematocrit samples were collected from each chick via the brachial vein before euthanasia. During 1996, hematocrit samples also were collected from 1-d-old chicks from second nesting attempts.
After euthanasia, chick and adult measurements (total wt, total length, wing length, and tarsus length) were recorded. The carcass was opened and examined for sex, and the kidneys, liver, spleen, and heart were removed and weighed. The spleen and heart were returned to the carcass. A small piece of liver tissue was collected for future histological analysis, and the rest of the liver was wrapped in clean aluminum foil, labeled, and stored at Ϫ80ЊC before EROD analysis. The digestive system was removed, wrapped in aluminum foil, and archived at Ϫ4ЊC. The remaining carcass was wrapped in aluminum foil, labeled, and stored at Ϫ80ЊC. Eggs that did not hatch within 5 d of the last successful hatching and chicks that died before 15 d after hatch also were collected. Eggs were weighed and measured (length, width, and greatest circumference), and contents were emptied into a large petri dish. Contents were weighed, and shell thickness and weight were measured. Evidence of development was recorded and embryos were examined for abnormalities (deformed limbs or crossed bill). The egg contents were then homogenized and stored at Ϫ80ЊC before PCB analysis.
Behavior
Provisioning behavior was determined through observations of adult starling behavior during nesting. Nest boxes at each site were divided into two groups of six each and one observer monitored three boxes in one group for 30 min and the other three boxes in that group for the remaining 30 min of the hour. A second observer monitored the second group of six boxes in a similar manner. Observations were repeated three times per week at each site. Sampling methods included a combination of frequency and scan sampling as described by Lehner [26] . Adult behavior (e.g., the time spent in the nest box, mating, aggression, submission, and preening) was observed for 30 min and recorded at 1-min intervals. The total number of times the adult(s) came to the nest also was recorded during this 30-min period as a measure of provisioning rate. Weather conditions and time of day were noted and schedules were altered to prevent biases induced by time of day or weather.
PCB and biomarker analyses
Polychlorinated biphenyl concentrations were determined in whole carcass homogenates by following U.S. Environmental Protection Agency methods 3541, 3640A, and 8081 for extraction, clean-up, and quantification, respectively [27] . Samples were homogenized with anhydrous sodium sulfate at a ratio of 5:1 Na 2 SO 4 to tissue and extracted with hexane by using a Soxtec continuous extractor (Tecator AB, Hoganas, Sweden). Clean-up was accomplished by solvent partitioning with gel permeation chromatography and the hexane fraction was reduced by using rotary evaporation. Samples were transferred to isooctane and quantified with a Hewlett-Packard 5890 II gas chromatograph (Hewlett-Packard, Wilmington, DE, USA) equipped with a Ni-63 electron capture detector and DB5 fused silica capillary column. A thermal gradient from 60 to 250ЊC was used for elution of congeners, and helium and nitrogen were used as the carrier and make-up gas, respectively. Duplicate samples were run through the entire analytical procedure and spike recoveries in uncontaminated samples were used to assess analytical efficiency. Aroclor quantification was accomplished by summing the values of all peaks in the retention time range of 29 to 60 min, which was determined using a standard Aroclor 1254 preparation (Aroclor 1254 was the dominant PCB in soil at CONWR). In addition to total Aroclor 1254, 34 individual CBs were quantified. Final concentrations are expressed as g 1254 (or CB)/g tissue (ppm) wet weight.
Mean recoveries for fortified blanks and for fortified matrix (accuracy) were 104 and 113%, respectively, and mean relative percent difference between duplicate samples (precision) was 19%. Precision was greater in samples with greater concentrations of PCBs (relative percent difference of 5% or less in samples with Aroclor 1254 concentrations Ͼ1 ppm [wet wt]).
Biomarker responses in chick and adult starlings were quantified by measuring EROD activity (pmol/mg protein/min) in liver tissue by following the methods of Mazel [28] and Lubet et al. [29] . Microsomal fractions were obtained by centrifugation followed by O-dealkylation of ethoxyresorufin and measurement of resorufin formation with a Hitachi F-2000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan).
Data analysis
A Student's t test or Kruskal-Wallis test (if n Ͻ 12) was used to compare results between the two reference sites and between the two PCB sites, respectively. If no differences were found between reference sites or between PCB sites, then data from these sites were combined before reference site and PCB site comparisons. Normality was verified before analysis by using kurtosis and box plots and by comparing the mean and median of groups of data. All data sets at the two reference sites were combined. For the PCB sites, nest productivity and physiological measurement data sets were combined; however, biomarker response and contaminant concentration data sets were not combined because of statistical differences between the two sites.
Reproductive success (eggs/nest and chicks/nest), physiological measurements (body and organ measurements), biomarker response (EROD activity), contaminant concentrations (Aroclor 1254 and 34 PCB congeners), and behavioral data were compared between reference and PCB sites by using a Student's t test. A Pearson's correlation test was used to evaluate the relationship between EROD activity and Aroclor 1254, as well as between Aroclor 1254 and category of soil at the Area 9 building complex. Statistical probabilities Յ 0.05 were considered significant.
For PCB congener analysis, if Ն50% of samples from a site had detectable concentrations of a particular congener, then one half of the detection limit was assigned to those samples with concentrations below the detection limit before statistical comparisons. If Ͻ50% of samples from a site had detectable concentrations of a particular congener, the congener was not analyzed statistically.
RESULTS
Nest productivity
Starlings initiated nest building approximately April 1, and the first egg was laid at reference sites on April 10 and April 17 in 1995 and 1996, respectively. At PCB sites, the first egg was laid on April 13 in 1995 and April 20 in 1996. During 1995 and 1996, starlings initiated 131 nests among the four study areas. From these, 79 nests were completed and eggs were laid in 73 nests. Chicks hatched in 67 nests and survived to 15 d after hatch in 42 nests. Of the number of nests initiated, the percent that went to full cup (nest completion) was similar (Ͻ15% difference) among sites (range ϭ 57-69%) except at the Area 9 landfill. At the Area 9 landfill, only 1 of 11 initiated nests (9%) went to full cup. Biological samples collected included 58 eggs that did not hatch, 67 chicks that died before 15 d after hatch, 161 15-d-old chicks, and 14 adults.
Per-nest reproductive data were similar between PCB sites and between reference sites; therefore, data from the PCB sites were combined and data from the reference sites were combined. Mean clutch size and hatch rates did not differ (p ϭ 0.318 and 0.123, respectively) between reference and PCB sites (Table 1) . However, percent fledging success was lower (42%, 58 of 137 eggs laid) at PCB sites (p ϭ 0.004) compared to reference sites (76%, 95 of 125 eggs laid); 1.9 chicks per nest were produced at PCB sites compared to 3.4 chicks per nest at reference sites. During the 1995 and 1996 breeding seasons, 44 (100%) chicks from second nesters at the Area 9 building complex died before 15 d after hatch, with most dying within 3 to 4 d of hatching (no second nesting attempts were made at the Area 9 landfill). In contrast, 60% (12 of 20) of chicks from second nesters at the references sites died before 15 d after hatch.
Sex ratios and morphometric measurements
Sex ratio and morphometric measurements did not differ between the PCB sites or between the reference sites; therefore, PCB site data sets were combined as were reference site data sets. Although a trend occurred toward fewer female fledglings at reference sites (42% females) compared to PCB sites (60% females), the difference was not statistically significant (p ϭ 0.081). Relative liver and spleen weights (percent of body wt), relative wing length (wing length as a percent of body length), and 3-d and 15-d body weights were reduced (p Ͻ 0.05) at PCB sites (Table 2) . Nine-day body weights, relative tarsus length (tarsus length as a percent of body length), relative heart and kidney weight (percent of body wt), percent lipid, and 15-d-old chick hematocrits did not differ between reference and PCB sites.
The mean hematocrit for 1-d-old chicks from the Area 9 building complex was 7% (6-10%, n ϭ 5) compared to 15% (9-19%, n ϭ 4) in 1-d-old chicks from reference locations. Because of small sample size, hematocrits in 1-d-old chicks were not statistically compared; however, a trend was found toward lower hematocrits at the PCB site. We also observed that chicks from second broods at the Area 9 building complex were heavily infested with mites relative to chicks from second broods at reference sites, although we were not able to quantify this observation.
Adult morphometric and hematocrit measurements did not differ among sites. Overall mean (standard error [SE]) body, and overall mean (SE) body, wing, and tarsus lengths were 236 (2), 125 (1), and 48 (1) mm, respectively. Mean adult hematocrits were 52 and 46% for reference and PCB sites, respectively. Shell thickness was the only egg measurement that differed among sites. Egg shells were thinner (p ϭ 0.005) at reference sites (0.26 mm) compared to PCB sites (0.29 mm). Overall mean (SE) length, width, and greatest circumference were 29 (0.2), 21 (0.1), and 71 (0.5) mm, respectively; and overall mean (SE) whole egg, egg content, and shell weights were 5.8 (0.1), 4.8 (0.1) and 0.5 (0.01) g, respectively.
Behavior
Before egg laying and during incubation, no differences were observed in behavior of adults. However, differences were observed when chicks were present in the nest. During this time, adult provisioning behavior (foraging trips or number of times per hour adults came to the nest box) was reduced (p Ͻ 0.001) from 15 Ϯ 1 counts per hour at reference sites to 11 Ϯ 1 counts per hour at PCB sites. Provisioning behavior during days 1 to 5 after hatch did not differ (p ϭ 0.309) between PCB and reference sites; however, provisioning behavior during days 6 to 10 and days 11 to 15 after hatch were significantly greater (p Յ 0.001) at reference sites compared to PCB sites (Fig. 2) . In addition to provisioning behavior, preening behavior (observed while chicks were in the nest) was significantly greater (p ϭ 0.002) at PCB sites (0.34%) compared to reference sites (Ͻ0.01%). No other adult behavior differed among sites.
PCBs in 15-d-old chicks
Mean Aroclor 1254 and CB concentrations and EROD activity were greater in chicks collected from the Area 9 landfill compared to all other sites; however, small sample size at the Area 9 landfill (n ϭ 3) prevented statistical comparisons that included this site (Table 3) . Mean Aroclor 1254 concentrations were greater (p Ͻ 0.001) at the Area 9 building complex (5.9 ppm) compared to references sites (0.5 ppm). Similarly, EROD activity was greater (p ϭ 0.005) at the Area 9 building complex compared to reference sites (Table 3) , and was positively correlated (r ϭ 0.514, p Ͻ 0.001) with Aroclor 1254 concentrations.
Mean Aroclor 1254 concentrations for 15-d-old chicks from individual nests at the Area 9 building complex and Area 9 landfill were positively correlated (r ϭ 0.667, p Ͻ 0.001) with the contaminant concentration in the soil where the nest box was located (Fig. 3) . Chicks from nest boxes located in category 2 soil (soil with Aroclor 1254 Ն 25 ppm [dry wt]) had greater Aroclor 1254 concentrations compared to chicks from nest boxes located in category 1 soil (soil with Aroclor 1254 Ͻ 25 ppm [dry wt]). Additionally, EROD activity was greater in 75% of chicks from nests located in category 2 soil compared to chicks from nests located in category 1 soil. Soil concentrations, category definitions, and locations were provided by M. Sattelberg (U.S. Fish and Wildlife Service, Marion, IL, personal communication).
Forty-four and 38% of the 34 CBs analyzed in 15-d-old chick carcasses were detected in Ն50% of the samples collected from the Area 9 landfill and Area 9 building complex, respectively ( Table 3) . None of the 34 CBs quantified were detected in Ն50% of 15-d-old chick carcasses collected from the reference sites. Chlorinated biphenyls 99, 101, 118, 138, and 153 were predominant in 15-d-old chicks collected from the PCB sites. Chlorinated biphenyls 118 and 105 were the only mono-ortho CBs quantified in Ն50% of 15-d-old chicks from PCB sites.
PCBs in eggs
Forty-four, 6, and 9% of the 34 CBs analyzed were detected in Ն50% of the eggs collected from the Area 9 building complex, Area P reference site, and Annex reference site, respectively. No eggs were collected from the Area 9 landfill. As in 15-d-old chicks, CBs 99, 101, 118, 138, and 153 were the predominant CBs detected in eggs collected from the Area 9 building complex, and CBs 118 and 105 were the only monoortho CBs quantified in Ն50% of eggs from this site (Table   98 Environ 169, 194, 195, 201, 203, 205, 206, 208 , and 209 also were measured; however, these were not detected in a significant number of samples (less than 50% of all samples from a site). c Student's t test (Area 9 landfill not statistically analyzed because of small sample size; value of one-half of detection limit was used if the concentration was below the detection limit of 0.02 ppm for CBs and 0.24 ppm for Aroclor 1254). d No eggs were collected from the Area 9 landfill. e Student's t test between the Area 9 building complex and REF (value of one-half of detection limit was used if the concentration was below the detection limit of 0.02 ppm for CBs and 0.24 ppm for Aroclor 1254). f NQ ϭ not quantifiable (Ͻ50% of samples had quantifiable concentrations of the CB). g NA ϭ not applicable (low percentage of samples with detectable concentrations precluded meaningful statistical comparisons). h Coeluting CBs. i NM ϭ not measured.
3). Of the 34 CBs analyzed, only CBs 99, 138, 153, and 180 were quantified in Ն50% of eggs collected from the reference sites. Mean concentrations of Aroclor 1254 and CBs 99, 138, 153, and 180 were greater (p Յ 0.05) in eggs collected from the Area 9 building complex compared to those collected from reference sites (Table 3) .
PCBs in adults
Mean Aroclor 1254 concentrations also were greater (p Ͻ 0.001) in adults at PCB sites compared to references sites (Table 4 ). Fifty and 21% of the 34 CBs analyzed in adult carcasses were detected in Ն50% of the samples collected from PCB and reference sites, respectively. Chlorinated biphenyls 99, 101, 138, and 153 were predominant at PCB sites, and CBs 138, 153, and 180 were predominant at reference sites (Table 4) . Of the seven CBs quantified in Ն50% of adults collected from both PCB and reference sites, all but CB 52 were greater (p Յ 0.05) at PCB sites (Table 4 ). Adult liver EROD activity was not correlated (r ϭ Ϫ0.058, p ϭ 0.808) with Aroclor 1254 concentrations, and did not differ (p ϭ 0.972) between PCB and reference sites.
DISCUSSION
Physiological and biomarker responses
In the current study, mean fledging success was reduced at PCB sites (42%) but was similar at reference sites (76%) compared to that reported by Kessel (76% [24] ) and DeHaven and Guarino (71% [30] ). Reference nests fledged approximately three chicks per nest, whereas PCB nests fledged an average of two chicks per nest. Similarly, Kubiak et al. [18] reported that the average fledged young per pair of Forster's terns was one bird less at PCB-contaminated sites in Green Bay (WI, USA) compared to their reference area.
In addition to reduced fledging success, chicks from second broods at PCB-contaminated sites had lower hematocrits, higher mortality (100% at PCB sites), and appeared to have a greater mite infestation. DeHaven and Guarino [30] reported an 18% decrease in nesting success from first to second clutches in starlings nesting in an uncontaminated area near Denver (CO, USA) and attributed this decline to infestation by the chicken mite (Dermanyssus gallinae). Kessel [24] reported a 13% decrease in fledging success for second nest attempts by starlings in an uncontaminated area near Ithaca (NY, USA), but attributed this decline in success to decreased fitness of second broods. Results of the current study indicated that mite infestation in second broods may have contributed to a decrease in nesting success at contaminated sites. However, the marked contrast in PCB concentrations between second broods from contaminated and reference sites suggests that contaminants also may have been a contributing factor in the observed decreased survival of second broods at the PCB site. Grassman et al. [31] reported immunosuppression (suppressed T-cellmediated immunity) in prefledgling Caspian terns and herring gulls exposed to organochlorine (e.g., PCBs and dioxins) contamination around the Great Lakes area (Saginaw Bay, MI, USA; western Lake Erie, MI and OH, USA, and ON, Canada; and Hamilton Harbor, ON, Canada). Mortality in young starling chicks observed in the current study may have been associated with sublethal exposure that resulted in impaired immunofunction and increased susceptibility to effects of ectoparasites. However, examination of data from the current study is inconclusive and additional study is necessary to confirm this hypothesis. Despite the deleterious effects observed in chicks from second broods, previous reports have indicated that fledglings from second nests add little to the total population of starlings [24, 30] .
The overall reproductive results observed in the current study clearly indicate decreased starling production at the PCB sites compared to reference sites. By using the starling as an avian model, our results suggest that other avian species nesting near the Area 9 landfill or Area 9 building complex also may experience adverse reproductive effects that may influence population size.
Other than fledging success, no differences between contaminated and reference sites were observed in other nest productivity parameters. Clutch size (five eggs per nest) and hatching success (84% overall hatch rate) in the current study were similar to those reported by others for the starling [24, 30] . In contrast, decreased hatchability has been reported in Forster's terns nesting near Green Bay and was correlated with PCB concentrations [18] . Previous studies at CONWR reported a significant decrease in the percent starling eggs that hatched at the Area 9 landfill [5] ; however, no difference in hatchability among sites was observed in the current study.
In addition to decreased fledging success at PCB sites, differences in liver EROD activity also were noted. The EROD activity in 15-d-old chicks was greater at PCB sites compared to reference sites and was positively associated (r ϭ 0.514, p Ͻ 0.001) with Aroclor 1254 concentrations. This correlation was similar to that reported by Melancon et al. [32] (r ϭ 0.537) in 15-d-old starlings collected in 1991 from the Area 9 landfill (n ϭ 31) and the Area P reference site (n ϭ 39) on CONWR. Reference 15-d-old starlings analyzed by Melancon et al. [32] had a mean EROD activity of 68.35 pmol/mg protein/min (the mean Aroclor 1254 concentration in these chicks was 0.027 ppm [wet wt]), which increased approximately 1.6-fold in chicks collected at the Area 9 landfill (108.10 pmol/mg protein/ min, the mean Aroclor 1254 concentrations in these chicks was 0.94 ppm [wet wt] [5] ). In the current study, 15-d-old starling chicks (n ϭ 3) collected from the only productive nest at the Area 9 landfill had a much greater mean Aroclor 1254 169, 194, 195, 205, 206, 208 , and 209 also were measured; however, these were not detected in a significant number of samples (less than 50% of all samples from a site). c PCB ϭ Area 9 landfill (n ϭ 1) and Area 9 building complex (n ϭ 7). The PCB concentrations and EROD activity in adults from these two sites did not differ; therefore, samples from the two sites were combined for statistical comparisons to reference. d Kruskall-Wallis nonparametric test between PCB and REF (value of one half of detection limit was used if the concentration was below the detection limit of 0.02 ppm for CBs and 0.24 ppm for Aroclor 1254). e NQ ϭ not quantifiable (Ͻ50% of samples had quantifiable concentrations of the CE). f NA ϭ not applicable (low percentage of samples with detectable concentrations precluded meaningful statistical comparisons). g Coeluting CBs.
concentration (52.5 ppm [wet wt]) than that reported by McKee [5] (highest nest mean of 2.65 ppm [wet wt]) and a correspondingly greater EROD activity (400 pmol/mg protein/min) than reported by Melancon et al. [32] (highest nest mean of 170 pmol/mg protein/min).
Studies of other avian species also reported associations between EROD activity and PCB concentrations, although these reports are conflicting. The EROD induction in pipping embryos of the black-crowned night-heron (Nycticorax nycticorax) was significantly correlated (r 2 ϭ 0.42) with PCB concentrations [9] . This observation, coupled with no observed effects in night-heron embryos with the greatest PCB concentrations (xϭ 9.32, range ϭ 2.4-53 ppm [wet wt]), led Rattner et al. [9] to conclude that P450 induction precedes other deleterious responses such as impaired growth or reproductive failure, and is therefore a good early warning biomarker of environmental exposure to PCBs. Conversely, EROD activity was not correlated with PCB concentration in a later study with nestling black-crowned night-herons from Green Bay and San Francisco Bay (CA, USA) [11] , or in 21-d-old nestling herring gulls from Great Island (NF, Canada) [33] . This led Rattner et al. [11] to conclude that cytochrome P450 monooxygenase activity was not a robust biomarker of organochlorine exposure in heron nestlings. In the current study, EROD activity in 15-d-old chicks was greater at PCB sites compared to reference sites; however, the correlation between EROD activity and PCB concentrations was only moderate (r ϭ 0.514). The weak correlation observed in the current study further indicates that EROD is not a robust indicator of PCB contamination in some nestling bird species, as suggested by Rattner et al. [11] .
In the current study, EROD activity in adult starlings did not differ among sites, and was highly variable (range 54-1,062 pmol/mg protein/min). This was consistent with highly variable liver enzyme activity reported in adult yellow-legged herring gulls (Larus cachinnaus) during periods of sexual activity [34] . This high variability during the reproductive period was not observed in liver enzyme activity measured during sexually inactive periods [34] ; therefore, measurement of EROD activity as a biomarker of contaminant exposure in adults may be more appropriate during winter when starlings are not breeding.
Three-day and 15-d chick body weights were significantly reduced at PCB sites compared to reference sites. A decrease in fledgling body weight in other studies has been associated with reductions in reproductive success [17, 18] .
Although some variation was observed in organ weights, little differences were observed for most morphometric pa-
rameters measured in 15-d-old chicks, adults, and eggs. Elevated PCB concentrations have been associated with greater liver to body weight ratios [5, 17, 18] ; however, in the current study, the mean liver to body weight ratio in 15-d-old chicks was significantly reduced at PCB sites (5.2% body wt) compared to ratios at reference sites (5.8% body wt). McKee [5] also reported decreased tarsus length in 15-d-old chicks collected from the Area 9 landfill compared to Area P reference chicks from CONWR, but tarsus length did not vary among sites in the current study. However, wing length was reduced in 15-d-old chicks collected from PCB sites compared to reference chicks.
Egg size in the current study (21.2 ϫ 29.2 mm) is consistent with the average size of North American starling eggs (21.1 ϫ 29.2 mm) reported by Kessel [24] ; however, mean egg weight (5.8 g) was less than that reported by Kessel [24] (7.0 g) and Ricklefs [35] (7.2 g ). This difference in egg weight is likely due to the time of collection. Ricklefs [35] collected newly laid eggs from incomplete clutches, whereas eggs in the current study were collected 5 d after the last chick in the clutch hatched. Kessel [24] reported a 10 to 12% loss in weight of starling eggs through the course of incubation, which accounts for much of this discrepancy. The 7% reduction in eggshell thickness at reference sites compared to PCB sites in the current study is largely unexplained; however, no detrimental effects associated with egg shell thinning (e.g., egg cracking) were observed in the current study.
Fifteen-day-old chick sex ratios at the contaminated sites (60% females) were similar to reported female sex bias in fledgling starlings (57% females) [24] ; however, reference sites had either more males than females or equal numbers of males and females at fledging. Kessel [24] indicated that female nestlings as well as female fledglings have a higher mortality rate, resulting in an adult population consisting of 42% females. Similarly, Feare [22] reported that the sex ratio in adult starlings favored males (2:1). Kessel [24] convincingly argued that sex ratio estimates in adult starling populations are biased because they are usually collected in the winter when starlings are flocking or in early spring at the beginning of the breeding season. Male and female starlings show little plumage differentiation during the winter, making sex determination difficult, and males begin arriving on the breeding grounds before the females, creating periods of perceived unbalanced sex ratios at these locations [24] .
Behavior
In the current study, the number of nests initiated, the percent of nests completed, and the number of nests with eggs laid were similar among reference sites and the Area 9 building complex. However, at the Area 9 landfill, only 9% (n ϭ 11) of nests initiated went to full cup, indicating abandonment in the early stages of nest construction. Koval et al. [36] reported similar nest abandonment in the early stages of nest construction in PCB-treated (Aroclor 1254) mourning doves (Zenaida macroura). McKee [5] also reported nest abandonment behavior in starlings nesting at the Area 9 landfill in 1991, although this abandonment occurred after eggs were laid.
In addition to behavioral effects observed during nest initiation, adult starlings nesting at PCB sites made fewer foraging trips per hour compared to reference adults. Reference adults averaged foraging trips every 4 min, but adults at PCB sites only made foraging trips every 5.5 min. Foraging trips at reference sites were similar to those reported by Bogucki [25] for nesting starlings (one foraging trip per 3.1 min).
It also is interesting to note that the number of foraging trips per hour made by adult starlings during the first 5 d after hatch did not differ between reference and PCB sites; however, foraging trips per hour made during days 6 to 10 and days 11 to 15 after hatch were significantly greater at reference sites compared to PCB sites. The number of foraging trips per hour actually decreased from days 6 to 10 to days 11 to 15 after hatch at the PCB sites. The depressed foraging activity at PCB sites suggests that PCB contamination at these sites may induce reductions in parental care. Parent foraging activity in avian species is primarily stimulated by begging intensity of the nestlings [25] ; therefore, reduced foraging behavior in adult starlings in the current study also may be attributable to decreased begging behavior in PCB-contaminated chicks. This reduction in foraging trips likely resulted in the significant reductions in body weights of 15-d-old chicks observed at the PCB sites.
Behavior effects similar to those observed in the current study (decreased foraging) have been reported previously in starlings dosed with an organophosphate pesticide. Grue et al. [37] observed that organophosphate-dosed female starlings made fewer sorties to feed their young and remained away from their boxes for longer periods of time than did controls. They concluded that parental care may be significantly reduced in songbirds due to sublethal exposure to organophosphates. Similarly, results from the current study suggest that sublethal exposure to PCBs (use of organophosphates is not allowed at CONWR) may significantly reduce parental care in songbirds.
McKee [5] noted nest abandonment behavior during the incubation period in adult starlings nesting at the Area 9 landfill, which resulted in reduced hatching success. Similarly, Peakall and Peakall [16] , Kubiak et al. [18] , and Fox et al. [38] reported decreased hatching success in captive ring doves, Green Bay Forster's terns, and Lake Ontario (Canada) herring gulls, respectively, attributable to nest abandonment or decreased parental attentiveness by organochlorine-contaminated adults. Peakall and Peakall [16] reported lower mean egg temperatures during incubation by ring doves treated with 10 ppm of Aroclor 1254 compared to untreated ring doves, and observed highly variable daily egg temperature patterns in PCBtreated birds. Peakall and Peakall [16] and Fox et al. [38] reported greater hatching success in artificially incubated dove and herring gull eggs, respectively, compared to eggs incubated by contaminated adults. During the current study, the entire clutch (n ϭ 5) of one nest located at the Area 9 building complex failed to hatch despite observations of apparently consistent incubation by both adults. However, egg temperatures during incubation were not measured, therefore decreased parental attentiveness cannot be ruled out in this case.
Adult behavior before egg-laying did not appear to differ among the four sites. It is worth noting that in all stages of nesting (before egg laying, during incubation, and during the rearing of the young) adults at the Area 9 building complex were observed sitting on the roof of the nest box more frequently than were reference adults and also appeared to demonstrate increased boldness. In fact, one adult at the Area 9 building complex came to feed the young while the nest was being checked, and another frequently returned to the nest while the observer was within 2 to 3 m of the nest box. Adults at the Area 9 building complex and Area 9 landfill (one adult) also were easier to trap. Most of the adults captured at these sites (n ϭ 7) were captured within 30 min of setting up the trap, whereas it often took 1 to 2 h to capture reference adults (n ϭ 5). The effects of PCBs on avoidance behavior has been reported previously. Chicks of coturnix quail (Coturnix coturnix) dosed with 200 ppm of Aroclor 1254 had impaired avoidance to visual and audio stimuli compared to control chicks [39] . In addition, these chicks failed to recover normal avoidance behavior when returned to untreated food. The subjective observations noted in the current study suggest that PCB exposure may impair normal avoidance behavior.
Contaminant accumulation
The current study indicates that starlings nesting at PCBcontaminated sites accumulated greater concentrations of PCBs than did starlings nesting at reference sites. In nationwide surveys, starlings captured from Illinois, Kentucky, and Missouri (USA) had whole-body total PCB concentrations of 0.25 to 3.13 ppm in 1970 and 0.042 to 0.23 ppm in 1974 [40] [41] . In the current study, mean whole-body sum of CB concentrations in 15-d-old starlings (0.3 ppm) and adults (0.4 ppm) at reference sites approximate these background concentrations. In contrast, the mean sum of CB concentrations measured in 15-d-old chicks collected from the Area 9 landfill (27.7 ppm) and Area 9 building complex (4.1 ppm), and adults collected from the Area 9 building complex and landfill (9.0 ppm) were considerably greater than background concentrations.
McKee [5] provided evidence that insects at the Area 9 landfill contained elevated concentrations of PCBs. The two beetle species, Phyllophaga fervida and P. bipartita, collected directly on the landfill, 50 m from the landfill, and 500 m from the landfill had Aroclor 1254 concentrations of 10.6 and 8.3 ppm (wet wt), 1.2 and 2.6 ppm, and 0.3 and 0.1 ppm, respectively, indicating a pattern of decreasing accumulation of PCBs in insects with increasing distance from the PCB site. Furthermore, in the current study, mean starling clutch Aroclor 1254 concentrations in individual nests at PCB sites were significantly correlated (r ϭ 0.667) with Aroclor 1254 concentrations in the soil where the nest box was located. Starlings generally forage within 500 m of the nesting site [21, 22] , and in the current study, were observed feeding on the contaminated areas and in adjacent fields. Therefore, results from the current study and from McKee [5] provide evidence that adult starlings were feeding chicks insects from the contaminated sites, and that starling nestlings are good indicators of local (contaminated site) and specific (soil where nest box is placed) PCB contamination.
In the current study, mean Aroclor 1254 concentrations in eggs that did not hatch were greater at the Area 9 building complex (x ϭ 13.6 ppm [wet wt]; range Ͻ0.24-57.5 ppm; n ϭ 27) compared to reference sites (x ϭ 1.6 ppm [wet wt]; range Ͻ0.24-5.7 ppm; n ϭ 27). Reproductive effects, primarily reduced hatching success, have been associated with egg PCB wet weight concentrations of 16 ppm in ring doves [16] , Ͼ5 ppm Aroclor 1254 in chickens [42] , 22.2 ppm in Forster's terns [18] , and 5.3 ppm in double-crested cormorants (Phalacrocorax auratus) [43] . Additionally, concentrations Ն15 ppm (wet wt) in eggs resulted in increased embryotoxicity including edema, growth retardation, and deformities of the leg, bill, and neck in chickens [42, 44, 45] and Forster's terns [18] . Bill deformities were observed in cormorants from Lake Michigan (WI, USA) (egg PCB concentrations 5.3 ppm); however, other factors, such as vitamin D deficiency, could not be ruled out as potential causes [43] . Sublethal effects such as immunosuppression in nestlings have been associated with elevated PCB concentrations in Caspian tern (14.18-27.45 ppm [wet wt]) and herring gull (6.57-7.73 ppm [wet wt]) eggs [31] . Thus, PCB concentrations in starling eggs from the Area 9 building complex were within the range (5.3-27.45 ppm) associated with reproductive and immune function effects in previous avian studies. Although reduced hatching success was not observed in the current study, embryo mortality resulting from PCB exposure cannot be eliminated. For example, the entire clutch (n ϭ 5) of one nest from the Area 9 building complex failed to hatch and had a mean Aroclor 1254 egg concentration of 29.9 ppm (range 0.3-57.6 ppm), well above the range of embryotoxicity reported in other studies. It is not known whether these elevated PCB concentrations or parental care were the cause of the embryo death; however, additive effects of contaminant concentrations in eggs and reduced parental care cannot be ruled out.
Stickel et al. [46] associated mortality of four bird species, including immature female starlings, with whole-body (including liver) Aroclor 1254 concentrations of 172 to 1,120 ppm. Mean whole-body (excluding liver) Aroclor 1254 concentration in 15-d-old starling chicks collected at the Area 9 landfill (52 ppm) were below these concentrations, suggesting that direct chick mortality may not be occurring.
Because individual CBs elicit varying toxic responses, analysis of CB patterns may be useful in determining potential adverse effects. Coplanar CBs (i.e., non-ortho-or mono-orthosubstituted CBs) exhibit a toxicodynamic action by binding to the aryl hydrocarbon receptor and blocking estrogen-binding substances [47] . This is an endocrine-disrupting mechanism similar to that reported for 2,3,7,8-tetrachlorodibenzo-p-dioxin [48, 49] and, therefore, coplanar CBs are thought to be responsible for dioxinlike effects such as embryotoxicity [50, 51] . Mono-ortho CB 118 and 105 were the only coplanar CBs quantified in 15-d-old starling chicks collected from the Area 9 landfill and Area 9 building complex. These CBs also were quantified in eggs from the Area 9 building complex that did not hatch (no eggs were collected from the Area 9 landfill).
Noncoplanar CBs (e.g., di-ortho-substituted CBs 138 and 153) are considered estrogenic (aryl hydrocarbon receptorindependent) and cause endocrine disruption through toxicokinetic interactions with estrogen receptors and induction of biotransformation activity [47, 52] . These CBs can cause decreases in uterine weights [52] and increases in pentoxyresorufin-O-deethylase activity that may affect estrogen levels in the blood [47] . The noncoplanar CBs 138, 153, and 180 were predominant CBs in starling eggs in the current study, as they were in previous studies of bird eggs [53, 54] . These CBs accounted for 45% of total congeners measured in eggs collected from the Area 9 building complex. Chlorinated biphenyls 138, 153, and 180 also were common in 15-d-old chicks collected from the Area 9 landfill and Area 9 building complex (31 and 37%, respectively, of the total congeners). These three CBs along with the coplanar CBs 118 and 105 are implicated as the potential etiology of toxic effects observed at the PCB sites, especially at the Area 9 landfill.
Conclusions
Greater PCB concentrations were documented in eggs that failed to hatch, 15-d-old starling chicks, and adults collected at PCB sites compared to reference sites. Observed effects included an overall decrease in nesting productivity, increased European starling (S. vulgaris): Model of PCB contamination Environ. Toxicol. Chem. 23, 2004 103 mortality in second brood nestlings, and abnormalities in adult behavior (decreased foraging trips). In 15-d-old chicks, but not adults, EROD activity was weakly correlated with carcass PCB concentrations; therefore, EROD activity did not appear to be an effective biomarker of PCB exposure in the current study. Additional research is needed to substantiate some of the effects observed in the current study, including determination of adult versus chick contribution to decreased feeding activity at PCB sites.
Results of this study demonstrate that starlings are useful avian models for measuring exposure to environmental contaminants and may serve as a biological indicator of contaminant effects. Given the tenacious productivity of starlings, it is doubtful that the population nesting at the contaminated sites studied is at risk of extirpation. However, the relationship between observed effects and increased PCB concentrations measured in eggs and tissues of starlings collected from PCB sites suggests reason for concern that less prolific avian species feeding at contaminated sites on CONWR may experience adverse effects that influence population-level productivity. This study also suggests that continued monitoring of starlings at the PCB sites may provide useful biological data that resource managers may use as a benchmark for evaluating the effectiveness of remedial decisions.
